Non-linear Optical Spectroscopy of Excited Exciton States for Efficient
  Valley Coherence Generation in WSe2 Monolayers by Wang, G. et al.
	   1	  
Non-linear Optical Spectroscopy of Excited Exciton States  
for Efficient Valley Coherence Generation in WSe2 Monolayers 
 
 
G. Wang, X. Marie, I. Gerber, T. Amand, D. Lagarde, L. Bouet, M. Vidal, A. Balocchi  
& B. Urbaszek 
Université de Toulouse, INSA-CNRS-UPS, LPCNO,   
135 Av. de Rangueil, 31077 Toulouse, France 
 
Monolayers (MLs) of MoS2 and WSe2 are 2D semiconductors with strong, direct optical 
transitions that are governed by tightly Coulomb bound electron – hole pairs (excitons). 
The optoelectronic properties of these transition metal dichalcogenides are directly related 
to the inherent crystal inversion symmetry breaking. It allows for efficient second harmonic 
generation (SHG) and is at the origin of chiral optical selections rules, which enable 
efficient optical initialization of electrons in specific K-valleys in momentum space.  Here 
we demonstrate how these unique non-linear and linear optical properties can be combined 
to efficiently prepare exciton valley coherence and polarization through resonant pumping 
of an excited exciton state. In particular a new approach to coherent alignment of excitons 
following two-photon excitation is demonstrated. We observe a clear deviation of the 
excited exciton spectrum from the standard Rydberg series via resonances in SHG 
spectroscopy and two- and one-photon absorption. The clear identification of the 2s and 2p 
exciton excited states combined with first principle calculations including strong anti-
screening effects allows us to determine an exciton binding energy of the order of 600 meV 
in ML WSe2.  
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Transition metal dichalcogenide (TMDC) monolayers (MLs) such as WSe2 and MoS2 are an 
exciting class of atomically flat, two-dimensional materials for electronics and optoelectronics1-7. 
Inversion symmetry breaking together with the spin-orbit interaction lead to a unique coupling of 
carrier spin and k-space valley physics for new device functionalities. The circular polarization 
(σ+ or σ- ) of the absorbed or emitted photon can be directly associated with selective carrier 
excitation in one of the two non-equivalent K valleys (K+ or K-, respectively) 8-12, see figure 1b,c. 
The chiral optical selection rules open up very exciting possibilities of manipulating carriers in 
valleys with contrasting Berry phase curvatures13.  Initially these unique spin and k-valley 
phenomena have been described in a single particle picture. In reality electrons and holes will be 
bound by the strong Coulomb interaction and form excitons which in a standard 2D system like 
GaAs quantum wells can be described by a Rydberg series, analogous to the hydrogenic system, 
with even ns and odd np states (n=1, 2, 3…). Large exciton binding energies of few hundreds of 
meV are expected due to the rather large effective electron mass and small effective dielectric 
constant14-17. The potentially strong impact of exciton states on the new physics related to valley 
index manipulation and non-linear optical effects has not been revealed yet and the exciton 
binding energy has not been measured so far for ML WSe2.  
Here we combine the energy and the high polarization selectivity of non-linear and linear optical 
spectroscopy to first uncover the excited exciton spectrum which does not follow the usual 
Rydberg series and second, excite the exciton resonances for controlled valley state preparation. 
We clearly distinguish between absorption maxima associated with effects of exciton-phonon 
coupling and excited exciton states (2s, 2p,…)18-20. The position of the exciton states and the free 
carrier bandgap are affirmed by one-photon and two-photon optical spectroscopy together with 
ab initio GW-Bethe Salpeter Equation calculations21 and allow an extrapolation of the exciton 
binding energy. We observe additional excitonic resonances by performing second harmonic 
generation (SHG) excitation spectroscopy, which allows to tune the frequency doubling 
efficiency over three orders of magnitude. Following resonant excitation of the excited exciton 
states we demonstrate strong exciton valley polarization. Our measurements show that significant 
exciton valley coherence22, corresponding to the generation of a coherent superposition of two 
exciton spin states from the K+ and K- valleys, can be created with a two-photon process. This 
demonstrates that the exciton alignment can be controlled with an excitation energy much lower 
than the band gap. None of these effects were demonstrated before in 2D or quasi-2D systems.  
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We studied WSe2 flakes obtained by micro-mechanical cleavage of bulk WSe2 crystal (from 2D 
Semiconductors, USA) on 90 nm SiO2 on a Si substrate. The 1ML region is identified by optical 
contrast  (figure 1a) and by photoluminescence (PL) spectroscopy.  We have measured the two 
photon excitation spectra using picosecond pulses generated by a tuneable optical parametric 
oscillator (OPO) synchronously pumped by a mode-locked Ti:Sa laser. For the one-photon PL 
excitation experiments the excitation is provided by the frequency doubled OPO pulses (see 
Methods). In the experiments presented here the light is propagating perpendicular to the 2D 
layer plane. Thus the selection rules for interband transitions impose that the one-photon 
absorption occurs on the ns exciton states whereas np states will be allowed for two photon 
transitions (n is an integer)18,19. 
Figure 1e displays the results of two-photon optical spectroscopy experiments performed on the 
WSe2 ML for a linearly polarized excitation laser with energy Elaser = 0.946 eV, much lower than 
the optical gap of around ~1.7eV.  The narrow line at E = 1.893 eV= 2xElaser corresponds to the 
laser Second Harmonic Generation (SHG) in the WSe2 ML. The PL components at lower energy 
at E= 1.75 eV and E= 1.72 eV are the neutral and charged exciton (trion) spectra respectively. 
Under linearly polarized laser excitation, only the highest energy peak shows linear polarization 
in emission and is therefore ascribed to the neutral exciton ground state !!!! (simple bound 
electron-hole pair), as a coherent superposition of valley exciton spin states is created22,23. As 
expected both the !!!! luminescence intensity following two-photon absorption and the SHG 
intensity increase quadratically with the laser excitation power (see inset in figure 1e)24-26.  
Here we focus on the optical spectroscopy of the neutral XA exciton in ML WSe2 which is 
characterized by a luminescence spectrum with FWHM~10 meV at T=4 K. This is much 
narrower than the spectra measured so far for MoS2 MLs 4,11. This allows a precise determination 
of the exciton excited state spectra both for one or two photons optical spectroscopy experiments.  
An additional advantage is that the maximum of the valence band at the Γ point lies more than 
500 meV below the K point27 whereas for ML MoS2 this energy difference is just a few tens of 
meV according to recent calculations 14,28. When performing the excitation spectra in ML WSe2, 
the excitation of indirect transitions should thus not energetically overlap with key features 
associated to the direct transition of excited exciton states. 
Two-photon absorption experiments. The dependence of the neutral exciton !!!! luminescence 
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intensity as a function of the laser excitation energy is plotted in figure 2a,c. In this two-photon 
Photoluminescence Excitation (2P-PLE) experiment, the laser power is kept constant and the 
detection energy is set to the emission peak of !!!!.  The intensity variation of the 2P-PLE curve 
displays two main features: a clear peak at ~1.898 eV and a clear monotonous increase in the 
high energy region 2.35 eV. The first energy peak labeled !!!!, 140 meV above the !!!! exciton 
emission, corresponds to the 2p exciton state absorption allowed for two-photon optical 
spectroscopy (the !!!!absorption is forbidden by the two photons section rules).  
The vertical arrow labeled Egap=2.4 eV corresponds to the calculated energy of the onset of the 
continuum states (free electron-hole absorption) as evidenced by the quasi-particle gap in figure 
5.a, calculated at the GW0 level including spin-orbit coupling, see Methods. This value is slightly 
smaller than a recent theoretical estimate29 (2.50 eV), the discrepancy can be attributed to 
differences in computational settings. If we define the exciton binding energy as Egap-E(!!!!)=Eb 
we can estimate Eb ~ 600±50 meV. A high neutral exciton binding energy is consistent with the 
measured charged exciton binding energy in figure 1d,e : Eb (trion)=35 meV38,39. The calculated 
value Egap=2.4 eV explains very well the 2P-PLE signal increase in the 2.3-2.35 eV region. This 
increase cannot be assigned to the absorption of an exciton state associated to a Van Hove 
singularity17 since the absorption on its ground state is forbidden in a two-photon process. 
Remarkably a detailed analysis of the spectra around the !!!! absorption region shows two 
secondary peaks located ~30 and 60 meV above the 2p main exciton peak (see figure 2a and SI). 
We interpret these secondary peaks as the result of the enhancement in the ground-state PL signal 
for excitation energies permitting resonant phonon relaxation down to the !!!! states. Indeed 
Raman studies identified two optical phonon modes with energy of about Ephonon =31 meV (~250 
cm-1) in WSe2 ML (see SI)30,31 . The mode labeled E12g  is strong in one-photon absorption, 
whereas the mode labelled A1g is more likely to play a role in two-photon processes for symmetry 
reasons (see SI). Because the resonances are much broader than the spectral width of the exciting 
laser (see SI), the peaks observed are not attributed to simple inelastic scattering of the laser line 
(i.e., Raman lines), but rather to enhanced PL when the laser energy corresponds to !!!! + Ephonon 
and !!!! + 2. Ephonon for the peaks observed in figure 2a at  ~1.93 and  ~1.96 eV respectively. We 
emphasize that we never observed any Raman peak with a possible phonon energy of ~140 meV, 
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in agreement with the experimental and theoretical Raman studies. This confirms that the peak 
labeled !!!!  is a real excited exciton state and not a phonon resonance.  
Second Harmonic Generation spectroscopy. To uncover additional exciton resonances we 
employ a different non-linear optical technique with distinctly different polarization selection 
rules due to the intricate interplay between the electric and magnetic dipole interaction (see SI). 
We have performed SHG spectroscopy of excitons, a very powerful yet unexplored technique for 
2D semiconductors25,32,33, based on the drastic enhancement of the SHG efficiency when in 
resonance with an excitonic transition. Figure 3 displays the SHG intensity as a function of the 
SHG energy which probes directly the non-linear two-photon dielectric susceptibility: d11(2ω; 
ω,ω), see SI. A clear peak is observed at about 1.9 eV, similarly to the 2P-PLE curve in figure 2, 
confirming the spectral position of the !!!!exciton state34. A clear resonant signal is also 
evidenced at E=2.03 eV. We tentatively assign this peak to the !!!!/!! state though the simulated 
spectrum does not present a clear feature in this region. The theoretical determination of these 
high energy exciton excited states, using beyond mean-field approaches is very challenging since 
it raises serious problem of convergence17,35, due to their highly delocalized character.  
In contrast to the 2P-PLE experiment where the  !!!! and !!!!  absorption are forbidden (and 
indeed absent in figure 2), we observe clearly in the SHG curve their strong resonances at E= 
1.75 eV and E= 2.17 eV, respectively. From this measurement we get the difference between the 
SO energy splitting in the conduction and the valence band of ~420 meV in agreement with the 
one photon-PLE results (figure 4c), the reflectivity spectra23 and our calculated value of the SO 
splitting, see figure 5a, in good agreement with a previous study16. The SHG signal at the   !!!! 
resonance is three orders of magnitude stronger than away from an exciton resonance, an 
important finding for applications of ML WSe2 in non-linear optics. Interestingly we observe in 
figure 3b a spectral component ~140 meV above the !!!!resonance which could be related to 
the  !!!! state. This means the energy splitting between the first excited exciton state and its 
ground state is similar for the XA and XB exciton. This result is indeed expected as the A and B 
valence states have very similar effective masses (see figure 5a). 
One-photon absorption spectroscopy.  The findings from the two polarization resolved non-
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linear optical techniques are further complemented by one photon optical spectroscopy. In this 
case the polarization selection rules give access to the s-exciton states whereas the p-states are 
forbidden. Figure 4 displays the one photon PL Excitation (1P-PLE) results. In this case the 
luminescence intensity of the 1s neutral exciton is a linear, and not quadratic, function of the laser 
intensity. A clear peak corresponding to the !!!!optically allowed absorption is observed at ~1.9 
eV, 140 meV above the ground state !!!! .   
Comparing the results of 1P-PLE and 2P-PLE in figure 2 and 4 we can infer that the !!!! and !!!!exciton states have the same energy within the spectral resolution of our excitation spectra 
(which is of the order of 5 meV )36,37. An energy splitting !!!! −   !!!! is possible because of the 
combined effects of the spin-orbit and exciton exchange interactions. We also observe in figure 
4a an additional peak at 1.93 eV, about 30 meV above the !!!! absorption energy, which could be 
assigned to the phonon resonances similarly to the one identified in the 2P-PLE (figure 2a). 
Efficient generation of exciton valley coherence in two-photon absorption. A key argument 
for the attribution of the observed maxima in one and two-photon absorption to excitonic states 
comes from the simultaneous increase of the PL polarization of the 1s exciton states. Following 
excitation with linearly polarized light, the !!!!exciton emission is linearly polarized but its 
amplitude globally decreases when the laser energy increases (figure 2a,c and 4a,c), except when 
in resonance with an excited exciton state. We emphasize that this observation of exciton 
alignment is independent of the direction of the incident laser polarization (see figure 2d), which 
confirms that the observed linear polarization is not due to an in-plane asymmetry inducing 
exciton anisotropic exchange interaction as for many 1D and 0D semiconductor systems44. In 
contrast to the exciton spin coherence evidenced in resonant excitation of GaAs quantum 
wells45,46, here the linear polarization probes a spin coherence arising from excitons from two 
different valleys22 . The results presented in figure 2 demonstrate for the first time in a 
semiconductor that significant exciton spin coherence can be created with a two-photons process. 
It is clear from figures 2a,c and 4a,c that the different resonances in intensity associated to the 2p 
and 2s exciton absorption are accompanied by a clear enhancement of the exciton PL linear 
polarization which is multiplied by a factor of more than two. Therefore the photogeneration of a 
coherent superposition of valley K+ and K- exciton states is enhanced when the absorption 
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occurs on one of its excited exciton states. Typically the valley coherence is stronger when the 
excited state !!!!  (or !!!! ) is directly photogenerated compared to the situation of the 
photogeneration of a hot !!!! exciton state at the same energy.  This probably results from a faster 
intra-exciton energy relaxation (2sà1s or 2pà 1s) preserving the initially created coherent 
superposition of states.  Note that the experiments on optical generation of excitonic valley 
coherence in ML WSe2 recently published use a one-photon laser energy which coincides exactly 
with the 2s exciton absorption identified in our work22. In contrast to the coherent exciton 
alignment with the excitation laser polarization, the second harmonic generation polar plot in 
figure 2d and 2e is simply given by the underlying lattice symmetry25,26. 
Remarkably also the valley polarization is strongly enhanced when the circularly polarized 
excitation energy is resonant with the excited exciton state !!!! or !!!!, as probed by the PL 
circular polarization in the 1P-PLE and 2P-PLE experiments shown in figure 2a and 4a, 
respectively. A clear polarization peak is observed for an energy 140 meV above the !!!! exciton 
ground state energy. So the valley index initialization, which has been shown to be less and less 
efficient when the photogeneration energy increases9-11,47 can be recovered when the excited 
exciton states 2s or 2p are directly photogenerated with one or two-photon excitation process, 
respectively. 
Exciton binding energy from experiment and theory.  The measured energy difference 
between !!!! (1.75) and !!!! (1.90 eV) is quite close to the calculated one of 0.25 eV as shown in 
figure 5b based on GW-Bethe-Salpeter equation, see Methods. Note that the calculation of the 
absorption spectrum in figure 5 was performed on a fine (21x21x1) k-point grid, an essential 
requirement to highlight the excited exciton states !!!! which were missed in most of the previous 
calculations15,17, 35.  
For the two-dimensional Wannier-Mott exciton the binding energy of the ground state 1s exciton 
writes simply36  !! = (!!!!)(!ℏ)! , where µ is the exciton reduced mass, ε the effective dielectric 
constant and e the electron charge. Using 1/µ=1/me+1/mh, with me=0.32.m0 and mh=0.35.m0  (m0 
is the free electron mass) as deduced from the calculated dispersion curves in the K valley16 
(figure 5a), we get an order magnitude estimation for the binding energy of Eb =600 meV with an 
	   8	  
effective dielectric constant ! = 5 . If we assume a simple hydrogenic Rydberg model the energy 
separation between n=2 and n=1 exciton s-state would be equal to 8.Eb/9~440 meV. It is in strong 
contradiction with the experimental data presented above which shows that this energy splitting 
(~140 meV) is about 3 times smaller, and also in contradiction with GW0-BSE estimate of this 
energy difference. Both our experiments and theory demonstrate clearly that the simple 
hydrogenic model fails to predict the energy of the different exciton states in the TMDC MLs as 
predicted in ref [17] and very recently observed in WS2 MLs40,41. In the well known quasi 2D 
GaAs quantum wells the exciton state series can be well reproduced by the hydrogenic Rydberg 
model since the 2D layer is surrounded by a barrier material with very similar dielectric 
constant18,19. In contrast the investigated 2D crystals based on TMDC have an environment 
perpendicular to the layer with a much smaller dielectric constant than the 2D material (vacuum 
on one side and SiO2/Si on the other side). For the exciton ground state, the average distance 
between the electron and the hole is so short that the exciton wavefunction is mainly located in 
the WSe2 layer and the binding energy can be obtained with a simple formula for Eb with an 
effective dielectric constant close to the bulk WSe2 value42. The excited exciton states such as !!!! 
or !!!!are characterized by a longer average distance between the electron and the hole. As a 
consequence the carrier wavefunctions delocalize beyond the WSe2 2D layer and experience a 
weaker dielectric constant i.e. stronger Coulomb interaction. The effects of screening/anti-
screening associated to the spatial variation of the dielectric constant43 are in principle well taken 
into account in ab initio calculations, assuming a large separation between periodic images. The 
strong dependence of Eb on (anti-)screening explains the remaining difference between the 
experimental results and the calculations for !!!! and !!!! in our work. Also, the calculation 
neglects the influence of the SiO2/Si substrate used in the experiment.  Despite the remaining 
discrepancies, the calculations confirm the strong deviation from the standard hydrogen Rydberg 
series observed here in the experiment for ML WSe2. 
 In conclusion we have measured the spectral dependences of both the first order dielectric 
susceptibility (one-photon PLE) and the second order dielectric susceptibility (SHG excitation 
spectra for its real part and two-photon PLE for its imaginary part). These experiments directly 
demonstrate that excitonic effects enhance the linear and non-linear optical response of ML WSe2 
by several orders of magnitude. These findings can also find application in MoS2, WS2, MoSe2 
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monolayers and TMDC heterostructures1.  Our results not only reveal that the valley coherence 
can be achieved following two-photons excitation but also yield the determination of the exciton 
binding energy which is a crucial parameter for the optoelectronics and valley application of 
transition metal dichalcogenide 2D structures. 
 
METHODS : 
Experiments : The measurements are performed at T=4 K in a confocal microscope optimized 
for polarized PL experiments11,44. The detection spot diameter is ≈ 1	  μm.	  The time-integrated PL 
emission is dispersed in a spectrometer and detected with a Si-CCD camera. 
For the 2P-PLE, the flake is excited by picosecond pulses generated by a tunable optical 
parametric oscillator (OPO) synchronously pumped by a mode-locked Ti:Sa laser. The 
wavelength can be tuned between 1 and 1.6	  µm.  The typical pulse and spectral width are 1.6 ps 
and 3 meV respectively; the repetition rate is 80 MHz. For the 1P-PLE the excitation is provided 
by the frequency doubled OPO pulses. In that case the laser power has been kept in the µW range 
in the linear absorption regime. The PL circular polarization Pc is defined as Pc =	  (Iσ+	  −	  Iσ−)/	  (Iσ+	  +	  Iσ−).	   Here	   Iσ+	   (	   Iσ−)	   denotes the intensity of the right (σ+) and left	   (σ−) circularly polarized 
emission, analyzed by a quarter-wave plate placed in front of a linear polarizer. The PL linear 
polarization PL is defined as PL = (I// − !!)/ (I// + !!). I//  (!!) denotes the intensity of the linearly 
polarized emission co- and cross-polarized with the laser. 
Computational details : 
Our calculations are performed using the Vienna ab initio simulation package49. The electron 
wave function is expanded in a plane wave basis set with an energy cutoff of 400 eV. 
Investigations of the quasiparticle band structure are done at the GW0 level50, with 2 updates of 
the G term, on a (21x21x1) Γ-centered-grid k-point mesh. Optical absorption spectra are 
calculated on the BSE-GW0 level, using the Tamm-Dancoff approximation, after careful studies 
of convergence issues with respect to Brillouin zone sampling, vacuum heights and number of 
included virtual states, see SI. Vacuum heights of at least 12 Å between periodic images of the 
monolayer and a lattice parameter of 3.28 Å (experimental values) have been used to define the 
calculation cell. Using these settings, we estimate that the precision of our calculated exciton 
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binding energy is around 0.1 eV, due to uncertainty on the band-gap estimate and relative 
position of peaks in the simulated spectrum. Note that (i) the SO interaction has not been 
considered in the calculation of figure 5b and (ii) no conclusion can be drawn for exciton states 
above !!!!/!!  since finer reciprocal space meshes are mandatory but too computationally 
demanding to estimate the kernel.    
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Figure Captions:  
 
Figure 1 
a. Monolayer (ML) WSe2 structure with broken inversion symmetry. The ML is identified by 
optical contrast measurements as is marked by the dashed rectangle. 
b. Optical valley selection rules for circularly polarized laser excitation in the single particle 
picture for ML WSe2. 
c. Optical valley selection rules in the exciton representation. For simplicity, only the A-exciton 
series is shown. 
d. Optical valley coherence generation following absorption of one, linearly polarized photon. 
The neutral exciton !!!!and the trion (T) transtions are marked. PL spectra co-polarized (cross) 
with the laser are shown in blue (green). The onset of the localised state emission can be seen at 
low energy. 
e. Optical valley coherence generation via two-photon absorption at T=4K. The neutral exciton !!!! and the trion (T) transtions are marked. PL spectra co-polarized (cross) with the laser are 
shown in blue (green). 
f. Resonances in two-photon absorption intensity at T=4K corresponding to the !!!! transition 
and phonon assisted absorption at energies !!!! + Ephonon and !!!! + 2. Ephonon.  
 
Figure 2 
Two-photon absorption spectroscopy of excited excitons for valley coherence initialization.  
a. Top panel. The intensity of the neutral exciton PL is plotted as a function of two times the 
excitation laser energy. The local maximum 140meV above the !!!! emission is identified as !!!!. 
Phonon enhanced absorption is marked by dashed lines. Middle panel. The linear polarization of 
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the !!!! emission indicating exciton valley coherence is strongly enhanced when the two-photon 
excitation is in resonance with !!!!. Lower panel. The circular polarization of the !!!! emission 
due to exciton valley polarization is strongly enhanced when the two-photon excitation is in 
resonance with !!!!. 
b. Schematics of the two-photon absorption process, the subsequent relaxation and PL emission. 
c. Same as figure a (top and middle panel) but over a wider laser energy range (black squares – 
PL intensity, blue circles – PL linear polarization). The !!!! and the possible onset of free carrier 
absorption is indicated. The vertical arrow indicates the calculated gap energy Egap=2.4 eV (see 
text). 
d. Intensity of the !!!! emission following two-photon absorption at 1.893 eV (red circles). The !!!! polarization plane follows the excitation laser (green arrow) and is not linked to a specific 
lattice axis or symmetry, which confirms the generation of neutral exciton valley coherence. The 
second harmonic generation (black squares) polar plot is given by the underlying lattice 
symmetry. 
e. Second harmonic generation as a function of the angle of the laser polarization with sample 
angle (black squares). Neutral exciton polarization (red circles) follows laser polarization.  
 
Figure 3 
Second harmonic generation spectroscopy of exciton states.  
a. Schematics of SHG signal generation for resonant two-photon excitation of the !!!!. 
b. Intensity of SHG as a function of two-photon laser excitation, the clear exciton resonances are 
marked.  
 
Figure 4 
One-photon photoluminescence excitation spectroscopy.  
a. Top panel. The intensity of the neutral exciton PL is plotted as a function of the excitation laser 
energy. The local maximum 140meV above the !!!!  emission is identified as !!!! . Phonon 
enhanced absorption is marked by dashed lines. Middle panel. The linear polarization of the !!!! 
emission due to exciton valley coherence is strongly enhanced when the one-photon excitation is 
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in resonance with !!!!. Lower panel. The circular polarization of the !!!! emission due to exciton 
valley polarization is strongly enhanced when the one-photon excitation is in resonance with !!!!. 
b. Schematics of the one-photon absorption process and the subsequent relaxation and PL 
emission. 
c. Same as figure a (top and middle panel) but over wider laser energy range (black squares – PL 
intensity, blue circles – PL linear polarization). The !!!! and the !!!! resonances are indicated. 
 
Figure 5 
a. Quasiparticle band structure of WSe2 monolayer at the GW0 level, including spin-orbit 
coupling perturbatively.  
b. Frequency dependent imaginary part of the dielectric function ε2 including excitonic effects 
and oscillator strengths of the optical transitions (bars), calculated at the BSE-GW0 level without 
spin-orbit coupling. The corresponding GW0 gap (2.4 eV) is also indicated.	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Figure 2  
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Figure 3 
	  	   	  
XA1s 
XA2p 
XA3p/3s 
XB1s 
XB2s/2p 
GS 
XA2s/2p 
  
! 
!"
  
! 
!"
  
! 
2!"
a b 
x5 
ba
nd
 g
ap
 
	   20	  
Figure 4 
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Figure 5 	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Non-linear Optical Spectroscopy of Excited Exciton States  
for Efficient Valley Coherence Generation in WSe2 Monolayers 
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Exciton-phonon coupling and Raman resonances in the photoluminescence spectra of 
mononlayer WSe2  
 
Figure S1. We display the results of three different runs of experiments corresponding to figure 
2a. In addition to the main !!!!  resonance the observation of phonon-assisted two-photon 
absorption s is reproducible in both intensity (left axis, black symbols) and linear polarization 
(right axis, blue symbols).   
 
 
Figure S2. We show the photoluminescence (PL) of the neutral exciton state XA using the OPO 
for excitation. Superimposed on the PL signal we observe additional peaks at an energy of about 
32meV below the excitation laser energy. These features are attributed to resonant Raman 
scattering, their spectral width is given by the pulsed excitation laser (~3meV). 
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Figure S3. Raman signal on the same sample obtained with HeNe laser excitation. The spectrally 
narrow emission allows separating the two Raman modes E12g  and A1g. 
 
 
Figure S4. Following two-photon excitation, we observe for energies below 1.7eV unpolarized 
emission from localised states. The neutral exciton and the trion emission are marked as well as 
the SHG signal. This spectrum is an extended view of figure 1d. The exact shape and intensity of 
the localised emission differs between one and two-photon excitation. 
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Below we first give a simple description of exciton states and their symmetry. We evaluate then 
the two photon absorption processes (TPA) in the interaction picture. We finally describe the 
second harmonic generation processes (SHG), first in a classical macroscopic approach in which 
we establish the selection rules. We then briefly describe the processes based on third order 
perturbation theory in the interaction representation. It confirms the selection rules, reveals the 
underlying mechanisms and allows us to qualitatively explain the resonances observed in the 
SHG spectroscopy.   
 
I. Exciton states and their symmetry. 
The exciton states description can be approximated in the envelope function approximation by 
the modified two-dimensional hydrogenic model. For the relative motion between electron and 
hole, we obtain for the radial part [1]: 
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= . The phenomenological relative dielectric function ! 2 (!"n,02D )  has been 
introduced in order to take into account the observed departure from the usual two-dimensional 
hydrogenic series; it is assumed to have a slowly varying frequency dependence, so that it can be 
approximated by its value at the nS states for a given shell n. From the previous expression, we 
get: 
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The exciton oscillator strength ||, lnf  is proportional to 
22
, )0(
D
lnψ , so that 0||, =lnf  for 0|| >l , and 
for a given exciton bright state nS we have : 
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The full exciton wave function is now approximated by: 
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where the functions )()v(, rcKu α  are the electron conduction (valence) Bloch functions close to the 
Kα (α = +,−) point of the Brillouin zone edge. The )( ec zζ and )()( hBA zζ functions characterize the 
vertical confinement of the lowest conduction band (c) and of the A or B holes bands. These 
functions, which have a strongly pronounced maximum at the layer symmetry plane, have Γ1 
symmetry.The symmetry of the exciton states is now obtained as: 
*
vΓ⊗Γ⊗Γ=Γ⊗Γ⊗Γ=Γ cenvhcenvexc . We obtain thus for the A(B) exciton states [2,3,4]:  
 
 
type (n,|l|)         (n,|l|,m)     Γn K+ K− 
A 
(1,0)   (1, 0, 0)     Γ1 Γ2, Γ4 Γ3, Γ4 
(2,0)   (2, 0, 0)     Γ1 Γ2, Γ4 Γ3, Γ4 
(2,1) 
       (2, 1,+1)     Γ2 Γ3, Γ5 Γ1, Γ5 
       (2, 1,−1)     Γ3 Γ1, Γ6 Γ2, Γ6 
       (2, 1, 0)      Γ4 Γ1, Γ5  Γ1, Γ6 
 
type (n,|l|)        (n,|l|,m)     Γn K+ K− 
B 
(1,0) (1, 0, 0)     Γ1 Γ2, Γ6 Γ3, Γ5 
(2,0) (2, 0, 0)     Γ1 Γ2, Γ6 Γ3, Γ5 
(2,1) 
(2, 1,+1)    Γ2 Γ3, Γ4 Γ1, Γ6 
(2, 1,−1)    Γ3 Γ1, Γ5 Γ2, Γ4 
(2, 1, 0)     Γ4 Γ3, Γ5  Γ2, Γ6 
 
Table 1: The A and B exciton (1s, 2s, and 2p) states and their representations in the C3h group. The Exciton valley Kα  
is by convention the valley of its constitutive conduction electron. 
 
The exciton states with electron and hole in opposite valleys, which are not optically active, are 
not represented. We verified with DFT calculations that the optically active Γ4 intra-valley modes 
have considerably weaker oscillator strength than the allowed modes Γ2 in K+ and Γ3 in K− . They 
are only dipole-allowed under z-polarised light (z is perpendicular to the 2D layer plane). For A 
exciton, they are split from the latter mode by the spin-orbit interaction in the conduction bands 
(Γ7 and Γ8) by a few meV typically. Figure S5 shows for instance the one photon optical 
transitions for circularly polarised incident light with wave vector orthogonal to the WSe2 flake, 
deduced from the above symmetry analysis.  
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Figure S5: The allowed optical transitions for A exciton (1s, 2s, and 2p) under circularly polarized light propagating 
along the normal to the sample plane. The solid line arrows transitions results from dipolar coupling, while the 
dashed one are allowed according to magneto-dipolar transitions (see text, section III).  
 
The magneto-dipolar transitions (see section III) have much smaller oscillator strength than the 
dipolar ones, the ratio between the two being of the order nBa λ/
*
1, , λn being the wavelength of the 
exciton transition. A similar scheme can be obtained for B-exciton. 
 
 
II. Two photon absorption process. 
 
The two photon absorption, obtained following a perturbation scheme in the interaction 
representation in the dipolar approximation, is proportional to: 
 
 22
2
)2(
/ˆˆ2)2(
exexc
ex
DE
i
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iexc
EiE
VV
dt
d
Γ+−
Γ
−Γ−
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= ∑ ω
π
ω
π
ω
α αα
αα

iP                (5) 
 
Here the index α runs over all virtual electron-hole pair states, and DEiVˆ  represents the exciton-
photon interaction with photon mode of polarisation σ i in the dipolar approximation. In this 
approximation, the two-photon transitions from ground to 1s-states are forbidden under circularly 
polarized light. The transitions towards 2p± states (i.e. (2, 1,±1) Γ3(2) exciton states) are allowed 
(see figure S6, left panel). The second step of TPA involves exciton dipolar transitions within s- 
and p-states of the electron-hole relative motion. 
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Figure S6: left: A-exciton absorption by resonant two-photon absorption process under circularly polarized light. 
Right: Optical phonon (ωOP) assisted two-photon absorption. The example shows the processes involving a Γ1 (A1g) 
optical phonon emission [5,6]. 
 
 
The 1-optical phonon assisted two-photon absorption (evidenced in figure 2a in the main text) 
can be obtained from a third order perturbation scheme. At low temperature it is proportional to 
(see figure S6, right panel): 
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Here, em phexV −ˆ represents the exciton-optical phonon interaction hamiltonian. The two-optical 
phonon assisted process can be obtained similarly from a fourth order perturbation scheme. The 
denominators of the expressions (5,6) explain the resonant character of the optical-phonon 
assisted absorption processes. The main contributions are given in this case by the dipolar matrix 
elements (and also the exciton-phonon matrix elements in the optical phonon assisted process) 
satisfying the selection rules. 
 
III. Second harmonic generation: macroscopic and microscopic approaches. 
 
Since WSe2 monolayer crystal is non centro-symmetric, we expect significant second harmonic 
generation process to take place [7]. We describe first the phenomenological macroscopic 
equations relating the third-order optical susceptibility and the induced material polarisation at 
the origin of the emitted second harmonic electric field. Following ref. [7], the second order non-
linear optical polarisation is given for a crystal of D2h symmetry by:  
 
      ( ) ( )[ ]22112 ),;2( ωωω ωωω yxx EEdP −−=             ωωω ωωω yxx EEdP ),;2(2 222 −−=  
ωωω ωωω yxy EEdP ),;2(2 11
2 −−=          or:              ( ) ( )[ ]22222 ),;2( ωωω ωωω yxy EEdP −−−=         (7) 
      02 =ωzP                                                          0
2 =ωzP  
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depending whether the x-axis being orthogonal to or in a mirror plane containing the  z-axis. 
Since the WSe2 monolayer thickness is much smaller than the coherence length, the SHG is not 
influenced by phase-matching conditions [7,9]. For circularly polarised light, we obtain 
respectively for the two possible orientations: 
 
( )21122 ),;2( ωωωω ωωω yxyx iEEdiPP −=±    or:    ( )22222 ),;2( ωωωω ωωω yxyx iEEidiPP −−=±   (8) 
             02 =ωzP                                                             0
2 =ωzP                                               
 
Since the two situations corresponds to a rotation of the system of π/2 about z-axis, we have 
indeed: ),;2(),;2( 1122 ωωωωωω −−=− idd . We will use in the following the first orientation 
convention. Since the flake thickness is much smaller than the coherence length, the SHG is not 
influenced by phase-matching conditions. 
The electric field radiated at frequency 2ω is collinear with the non-linear second-order 
polarisation. The selection rules for second harmonic generation are thus transparent from 
expressions (8), i.e. two identical circularly polarized photons of energy ω propagating normal 
to the flake can be up-converted towards a photon of energy 2ω with opposite helicity. They 
correspond to our experimental observations in the main text. 
For linearly polarised incident light, the selection rules are more involved, and follow equation 
(7). The non-linear coefficient is in principle frequency dependent, since the considered crystal is 
dispersive, particularly close to exciton resonances. The following microscopic description of the 
process, together with the optical selection rules, gives a hint of the frequency dependence of the 
non-linear susceptibility. Taking now the polarisation axis (xʹ′,yʹ′) parallel or orthogonal to the 
laser polarisation direction eθ , so that θ , we obtain: 
( ) )3cos(),;2( 20112' θωωω ωω E−= dPx  
( ) )3sin(),;2( 20112' θωωω ωω E−−= dPy                                          (9) 
                                                02 =ωzP                 
The intensity of the linear components along (xʹ′,yʹ′) axis are thus proportional to 
2/)6cos1()3(cos2' θθ +=∝xI and 2/)6cos1()3(sin
2
' θθ −=∝yI respectively. The corres-
ponding two polar diagrams have thus a π/3 angular periodicity, and are dephased by the angle 
π/6 (see figure S7). The observed 6-leaf flower diagram for 'xI  in the main text follows, as also 
recently shown [8,9].  
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Figure S7: Intensity of the second harmonic signal co- or cross-polarized with a linearly polarized incident light 
which polarization vector makes an angle θ = (ex, exʹ′) with respect to the x crystallographic axis.  
 
 
We turn now to the microscopic approach. The non-linear dielectric susceptibility tensor χ (3) can 
be evaluated on the ground of time dependent third-order perturbation theory in the interaction 
representation. Its components, close to resonance with a given excΨ exciton state are 
proportional to [10]: 
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where the term with excexc iE Γ−− ω2  is dominant over similar terms obtained in the summation 
on all the other possible virtual exciton states. The tensor components (i,j,k) may belong to the 
{x,y,z} set, or to the {+,−,0} standard set where +(−) correspond to right(left) circularly polarized 
components and {0} to the z-polarized one. The imaginary iΓν  terms denote the decay of the 
virtual exciton states of energy Eν  due to scattering out the state.  It is necessary here to develop 
the exciton-photon interaction hamiltonian up to first order in the light wage vector. For incident 
light normal to the sample plane, we have [11]: 
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where the electric dipolar )(ˆ ωDEiV , electric quadrupolar )(ˆ ω
QE
iV and  magnetic dipolar 
interactions are respectively : 
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Here, e⊥ represents the light in-plane polarisation vector, c/ω== q==qz , c/00 EB = . Since the 
electric quadrupolar interaction is odd with respect to z, and the exciton wave function is even, 
the corresponding matrix element νν ΨΨ ⊥
QEVˆ'  vanishes. As for the magnetic dipolar 
interaction, only the orbital part of the Hamiltonian is efficient here, since the spin-dependent part 
couples to non-optically active exciton states. The retained optical interactions are represented on 
figure S5. The most efficient sequences in (10) are finally the one containing two electric and one 
magnetic dipolar factors, with one of the dipolar electric factor corresponding to a 1s to 2p 
exciton internal transition. For circularly polarised light, the expressions (12,14) take the form: 
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Bqz . The figure S8 below shows typical examples of possible processes 
where the radiated light is resonant with the 1s (left) or 2p exciton (right).  
 
 
            
 
Figure S8: Second harmonic generation process with the 2ω emitted photon in resonance with the A-1s0 exciton 
states (left), or with the A-2p± exciton (right). The solid arrows represent electric dipolar interactions, while the 
dashed one the magnetic dipolar transitions. Note that the selection rules deduced from the macroscopic description 
are indeed obtained again.  
 
For instance, on the left panel in the K+ valley, the displayed sequence corresponds first to the 
excitation from the ground state of a virtual 2p+(Γ3) state under the effect of magnetic dipolar 
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interaction with one σ− photon. Second, an electric dipolar internal interaction couples this 
2p+(Γ3) virtual state to the virtual 1s (Γ2) with a second σ− photon. Finally, the dipolar interaction 
couples the 1s (Γ2) virtual state back to the ground state ∅ . Retaining the most important terms, 
we obtain from (10,15,16) the approximate expression: 
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since ω−<<Γ
++ pp
E22 . Similar expressions hold when the generated photon is resonant with 
the exciton 2s state. The SGH scheme for the K − valley with σ − polarised incident light can also be 
derived in the same way.  
We take now the second harmonic process with the generated photon in resonance with the 2p-
exciton in K+ valley seen on the right panel of fig. S8. This process corresponds first to the 
excitation from the ground state of a 1s (Γ2) virtual state followed by the excitation to the 2p+(Γ3) 
virtual state under the effect of an electric dipolar internal interaction. Finally the magnetic 
dipolar interaction with one σ − photon drives the system back to the ground state. We obtain now:  
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All these expressions confirm both the selection rules under circular polarisation deduced from 
the macroscopic approach, and bring in addition a qualitative interpretation for the peaks 
observed in the SHG spectroscopy shown in the main text whenever the generated photon is 
resonant with a real 1s- or 2p-exciton. The radiated intensities corresponding to expressions 
(13,14) are proportional to 
2)3(
,, ),;2( ωωωχ −±± , which amplitudes are inversely proportional to 
sp 1/2Γ . Noticing that the involved matrix elements are of similar amplitude for resonant 1s and 2p 
processes, the fact that the exciton excited states can relax towards the 1s ones (see e.g. one-
photon PLE experiments in main text), is consistent with the observation that the amplitude of the 
SHG resonant with 2s/2p states is experimentally smaller than the one on the 1s states.  
 
Finally, let us remark that SHG processes are also possible with the B excitons states according to 
similar schemes.  
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Computational Details: 
 
In the paper, the atomic structures, the quasi-particle band structures and optical spectra are based 
on Density Functional Theory calculations performed using the VASP software [12]. The 
electron exchange and correlation are described by the PBE functional [13]. It uses the plane-
augmented wave scheme [14] to treat core and valence electrons. Fourteen valence electrons are 
used to describe both the Mo and W atoms, while 6 electrons are included for the S and Se 
pseudo-potentials. A gaussian smearing of width equals to 0.05 eV is used to calculate partial 
occupancies. All atoms are allowed to relax with a force convergence criterion below 0.005 
eV/Å.  Spin-orbit coupling was also included non-self-consistently to determine eigenvalues and 
wave functions as input for the GW calculations.   A tight electronic minimization tolerance of 
10-8 eV is used here to determine with a good precision the large number of unoccupied states 
and the corresponding derivative of the orbitals with respect k. In this respect a total number of 
256 bands is sufficient to converge the direct quasiparticle gap, within 0.05 eV, see table 2. Full-
frequency-dependent GW calculations [15] are performed at the partially consistent GW0 level; 
with 2 iterations of the G term leaving W at the DFT level, which is sufficient, since after 4 
iterations, the changes in the quasiparticle band-gap in K is smaller than 10 meV.  We have used 
the WANNIER90 code [16] and the VASP2WANNIER90 interface [17] to interpolate the band 
structures to a finer grid. The energy cutoff for the response function is set to be 270 eV. As 
explained in several recent studies [18,19], the distance between periodic images in z direction (c 
parameter) is a key parameter that influences the quasiparticle band-gap value. As shown in table 
3, when keeping fixed the number of states (256) and the k-point mesh, the quasiparticle gap in 
Γ, vary significantly by 0.2 eV from 15.3 to 25.1 Å. Since the direct band-gap in K, is smaller 
(around 2.4 eV) one can expect that using a cell of 15.3 Å will underestimate the direct 
quasiparticle band-gap by roughly 0.1 eV.   
Calculations of Bethe-Salpeter spectra are carried out on top of GW0 wave functions, including 
the six highest valence bands and the eight lowest conduction bands. A complex shift of 0.02 eV 
is applied in all optical calculations, leading to a broadening of the theoretical absorption 
spectrum. For the Brillouin zone integration, a (11×11×1) Γ-centered k-point mesh is used for the 
calculations of quasiparticle band structures including spin orbit coupling (SOC), while a 
(21×21×1) grid is used to yield optical spectra, without spin orbit coupling. As explained in 
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several recent studies [19-21], the k-point sampling is crucial in the determination of features in 
the imaginary part of the frequency dependent dielectric constant. It means that a compromise, 
due to computational feasibility between cell length, k-point sampling, number of states and 
incorporation of SOC has to be find. In this respect the figure S9 presents simulated spectra for 
MoS2 monolayer, without SOC. Below the quasiparticle band-gap (2.6 and 2.7 on the (21x21x1) 
and (12x12x1) grid respectively), the effect of increase the vacuum length is to shift the peaks to 
smaller energies by 0.1 eV. At the same time if one increases the k-point sampling, a second peak 
appears, at 2.55 eV on the (12x12x1) mesh and at 2.5 eV on the finer grid. It provides a A-A’ 
energy difference of 220 meV, in a reasonable agreement with the 320 meV found in Ref. [21]. 
Same behavior is obtained on WSe2 case, as shown in Figure S10. Additionally we have tested 
influence of the vacuum length on spectra and clearly it is shown in Figure S11 that increasing 
the vacuum shifts to larger energy the peaks but leaves the differences between them untouched.   
 Table 2: Calculated gaps of WSe2 monolayer value at Γ point for a calculation cell of length 
15.3 Å, with a (11×11×1) grid as a function of the total number of states.       
 
Number of Bands 256 512 2048 
Gap [eV] 4.35 4.32 4.32 
 
 
Table 3: Calculated gaps of WSe2 monolayer value at Γ point for a (11×11×1) grid and 256 
states as a function of cell length in z direction.  
 
Number of Bands 15.3 19.0 25.1 
Gap [eV] 4.35 4.44 4.55 
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Figure S9: Frequency dependent imaginary part of the dielectric function ε2 including excitonic 
effects, with different k-point meshes for MoS2 ML. 
 
 
 
 
 
Figure S10: Frequency dependent imaginary part of the dielectric function ε2 including excitonic 
effects, with different k-point meshes for WSe2 ML. 
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Figure S11: Frequency dependent imaginary part of the dielectric function ε2 including excitonic 
effects, with three different c parameters. 
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